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When a small fraction of As atoms in Ga͑In͒As is replaced by N, the energy gap of the material decreases by as much as 150 meV per N mole fraction ͑the so-called giant bowing effect͒ 2 whereas its lattice shrinks. This makes this material promising for long wavelength telecommunications lasers on a GaAs substrate and highly efficient hybrid solar cells. Up to now, however, a major obstacle for full exploration of these devices is degradation of radiative efficiency and carrier mobility of Ga͑In͒NAs when N content increases, mainly due to severe nonradiative recombination ͑NRR͒ defects and carrier-scattering centers. Many theoretical and experimental efforts were devoted to identifying the NRR centers, however, their origin is still being debated. [3] [4] [5] [6] [7] [8] [9] [10] [11] Most recently, we have shown 12 that harmful NRR defects in Ga͑In͒NAs can be turned into an advantage, making this material a very efficient spin filter capable of generating more than 35% electron spin polarization at room temperature ͑RT͒ and without applied magnetic field via spindependent recombination ͑SDR͒. SDR requires presence of deep paramagnetic centers [13] [14] [15] and relies on the Pauli's exclusion principle, which forbids capture of spin-polarized free electrons by NRR centers with the same spin orientation of localized electrons-see the insets in Fig. 1 . Consistently, an enhancement of photoluminescence ͑PL͒ intensity of band-to-band ͑BB͒ recombination can be observed when competing recombination via the SDR centers is spin blocked due to spin polarization of free and localized carriers, e.g., under circularly polarized optical excitation. 15, 16 An example of such spin blockade is demonstrated in Fig. 1 which shows RT PL spectra due to the BB transitions from a GaNAs epilayer measured under circularly ͑͒ and linearly ͑͒ polarized optical excitations, i.e., under conditions when the competing NRR via the deep centers is turned off and on, respectively. A dramatic ͑up to 8 times!͒ increase in the PL intensity is observed under spin blockade, i.e., up to 88% of recombination suffers nonradiative losses via NRR under conventional conditions without spin polarization. The dominant NRR centers responsible for this SDR effect in GaNAs grown by gas source molecular beam epitaxy ͑GS-MBE͒ were unambiguously identified as Ga i self-interstitial defects, 12 with a large capture rate of free electrons, e.g., up to 15 ps −1 at RT for the GaN 0.012 As 0.988 multiple quantum wells ͑QW͒ grown at 420°C. 12 An essential question arises whether these important NRR centers commonly form in Ga͑In͒NAs alloys, which is addressed in detail here by employing optically detected magnetic resonance ͑ODMR͒ technique. This technique is capable of singling out, among many defects present in a semiconductor material, only those which participate in recombination processes. 17 We studied more than 30 undoped Ga͑In͒NAs epilayers and QW structures grown by common epitaxial techniques, including GS-MBE, solid-source MBE ͑SS-MBE͒ and metal-organic chemical vapor deposition ͑MOCVD͒. The GS-MBE GaNAs epilayers and QWs have N compositions ͓N͔ = 0.7-3.3% and were grown at temperatures T g = 420-450°C. Some of the samples were annealed either in situ at 700°C for 3 min or ex situ utilizing rapid thermal annealing ͑RTA͒ at 850°C for 10 s with a halogen lamp in N 2 ambient. A lower T g = 390°C was employed during the SS-MBE growth of a GaN 0.026 As 0.974 epilayer. During the GS-and SS-MBE growths, N was incorporated from a rf plasma source. The MOCVD growth was conducted at 550-600°C using dimethylhydrazine as a precursor for N. N composition in the MOCVD-grown alloys varied between 0.3% and 1%. Thicknesses of the GaNAs epilayers were 0.1-0.11 m ͑GS-MBE͒, 0.1 m ͑SS-MBE͒, and 1 m ͑MOCVD͒. To evaluate effects of In incorporation on defect formation, 0.5 m thick GS-MBE Ga 0.97 In 0.03 N 0.008 As 0.992 and 1 m thick MOCVD Ga 0.92 In 0.08 N 0.025 As 0.975 epilayers were also studied. PL measurements were performed at RT, excited by circularly and linearly polarized light from a Ti:sapphire laser at a wavelength of 840-855 nm. The excitation light propagated along the growth direction and the resulting PL was measured in a back-scattering geometry. ODMR experiments were done at 2.5 K and ϳ9.3 GHz. PL was excited by a Ti:sapphire laser at a wavelength of 850 nm. The excitation light was circularly polarized, to enhance the ODMR intensity.
12 ODMR signals were detected as spin resonance induced changes of PL intensity monitored by a Ge detector with proper optical filters. Figure 2 summarizes results from the ODMR measurements and shows representative ODMR spectra from the GaNAs alloys grown by GS-MBE ͑a͒, SS-MBE ͑c͒, and MOCVD ͑d͒. Similar ODMR spectra were obtained by monitoring the BB PL and defect-related emissions at lower energies. The observed ODMR signals correspond to a decrease in the PL intensity of all emissions upon spin-resonant transitions. This unambiguously proves that the corresponding defects act as efficient NRR centers, competing with the monitored radiative recombination processes. A careful analysis of the spectra revealed that they contain several components originating from different defects. The first component is a single line situated in the middle of the ODMR spectra with a g-value close to 2. Positive identification of the corresponding defect is not possible, unfortunately, due to lack of a resolved hyperfine ͑HF͒ structure. This defect is probably due to intrinsic defects or residual contaminants ͑e.g., O and C͒ with zero or weak HF interaction. It appeared under certain growth conditions as it was only found in some of the samples. It can be efficiently removed by RTA, see Fig. 3͑a͒ that shows an ODMR spectrum of the same sample as that in Fig. 2͑a͒ but after RTA. Other components in the ODMR spectra can be attributed to complex defects which contain an interstitial Ga i atom in the core. 12 Indeed, the corresponding multiline, isotropic ODMR spectra can be described by the spin Hamiltonian H = B gBS +ASI. Here B is the Bohr magneton, B is an external magnetic field, g denotes an electron g-factor, and A is a central HF interaction constant. The effective electron spin is S = 1 / 2 and the nuclear spin is I = 3 / 2. The spin Hamiltonian parameters for Ga i -related defects, which were obtained from the best fit to the data, are summarized in Table I .
Very good agreement between the experimental ODMR spectra and results of simulations using the spin Hamiltonian was obtained for all samples, justifying the suggested defect origin. Four types of Ga interstitial-containing defects denoted as Ga i -A, Ga i -B, Ga i -C, and Ga i -D were found, which differ in their strengths of the HF interaction-see Fig. 2 and also Table I . The same defects were also present in the GS-MBE and MOCVD grown GaInNAs alloys ͑at least for the studied In compositions Յ8%͒ as demonstrated in Fig. 2͑b͒ taking as an example the GS-MBE Ga 0.97 In 0.03 N 0.008 As 0.992 FIG. 2. ͑Color online͒ Representative ODMR spectra measured from asgrown Ga͑In͒NAs epilayers produced by the specified epitaxial techniques. The upper-most curves in ͑a͒-͑d͒ represent experimental spectra by monitoring the total intensity of the BB PL emission. Simulated ODMR spectra of the identified defects are also shown by the lower curves.
FIG. 3.
͑Color online͒ Experimental and simulated ODMR spectra measured from the GS-MBE grown epilayers subjected to post growth annealing either by using RTA ͑a͒ or in situ ͑b͒. The ODMR spectrum shown in ͑a͒ was measured from the same sample as shown in Fig. 2͑a͒ but after RTA. The ODMR spectrum shown in ͑b͒ was measured from the same GaN 0.021 As 0.979 epilayer as used to illustrate the SDR effect in Fig. 1͑b͒ . epilayer. Intensities of the Ga i -related ODMR signals, integrated over the multiline spectra, are higher than that for the "g = 2" line, underlining their more important role in NRR. The observed differences in the values of the HF interaction for the Ga i -related defects indicate a varying degree of localization of the electron wave functions at the core Ga i atom. The likely reason is their different local surrounding ͑e.g., neighboring atoms within a complex defect containing Ga i ͒ as well as geometric locations, since three different self-interstitial sites are available in a zinc-blende lattice. It is interesting to note that the preferable local configurations of the formed defects seem to depend on growth conditions. Indeed Ga i -A and Ga i -B prevail in the MBE alloys grown at low temperatures ͓Figs. 2͑a͒-2͑c͔͒. The defects, however, can be either partially annealed out or transformed into the Ga i -C configuration by thermal annealing at 700-850°C-see Fig. 3 . This may indicate that Ga i -C is more thermodynamically preferable. On the other hand, the Ga i -D defect was only found in the MOCVD-grown Ga͑In͒NAs ͓Fig. 2͑d͔͒, possibly due to differences in growth conditions ͑e.g., higher T g = 550-600°C and processes leading to layer growth͒ as well as in residual contamination.
No matter in what exact configurations the Ga interstitial defects form, however, the most important conclusion from our study is that the defects are abundant in all structures, independent of the employed growth methods- Fig. 2 . This unambiguously proves that these highly efficient NRR centers are common grown-in defects in Ga͑In͒NAs alloys. Moreover, the defects are highly stable and cannot be fully removed by thermal annealing. Hence, identifying growth conditions that suppress their formation is crucial for device applications. We would also like to point out that the formation of Ga interstitials was also reported for Ga͑Al,In͒NP alloys, 18, 19 i.e., it is a common process in all dilute nitrides. A very important question, therefore, is how the Ga i complex defects are formed. These defects have never been observed in N-free GaAs epilayers under similar growth conditions, which implies that their formation is related to introduction of N. On the other hand, we do not have evidence for a direct involvement of a N atom as a partner with Ga i , neither substitutional nor interstitial, [3] [4] [5] as no HF interaction from N has been resolved in spite of its nuclear spin I = 1. Recently, we have shown that formation of Ga interstitials in GaNP is largely assisted by bombardment of N ions during the MBE growth process. 20 In principle, this could explain the defect formation in all Ga͑In͒NAs structures grown by MBE with a rf plasma N source. However, Ga i are also present in the MOCVD-grown alloys where such bombardment is absent. Therefore, the ion bombardment could not be the sole reason for the defect formation. It should be facilitated by the presence of N itself and should be thermodynamically favorable. Even though the exact physical mechanism behind the defect formation is currently unknown, which requires in-depth future theoretical studies, we speculate that the presence of a Ga i atom may be favorable to compensate a large lattice distortion in the vicinity of a N atom with a small atomic radius and, therefore, to minimize total strain energy of the alloy.
In conclusion, we have provided unambiguous experimental evidence that the defects involving Ga i are the common grown-in defects in Ga͑In͒NAs alloys regardless of the growth methods employed for material fabrication. They act as efficient NRR centers which control carrier lifetime and degrade optical quality of the alloys. The defects formation is concluded to become thermodynamically favorable under the presence of N, possibly because of local strain compensation.
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